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Clinical PerspectiveWhat Is New?In a 82‐patient study, 7‐day calorie restriction was not successful in preventing a rise in median creatinine at 24 hours, but it ameliorated renal failure at 48 hours after cardiac surgery, suggesting a protective potential of short‐term calorie restriction.This study provides first evidence in humans that preoperative calorie restriction is safe and feasible in cardiac surgery.This study is the first controlled and randomized clinical trial assessing the potential benefit of calorie restriction for organ protection.What Are the Clinical Implications?Dietary restriction may provide a novel and promising approach for inducing organ protection.The results of this study warrant further investigation to assess the value of preconditioning strategies using nutritional interventions.

Introduction {#jah33034-sec-0009}
============

With incidence of up to 40%, acute kidney injury (AKI) is a frequently encountered complication after cardiac surgery.[1](#jah33034-bib-0001){ref-type="ref"} Even mild cases are associated with longer hospital stay, higher morbidity, and increased short‐ and long‐term mortality compared with those without AKI.[2](#jah33034-bib-0002){ref-type="ref"}, [3](#jah33034-bib-0003){ref-type="ref"} Despite a multitude of clinical trials using pharmacological agents, the quest for an effective renoprotective treatment has been unsuccessful so far.[4](#jah33034-bib-0004){ref-type="ref"} Promising and innovative nonpharmacological strategies, including remote ischemic preconditioning (RIPC), have emerged recently; however, the results of several trials investigating RIPC in diverse clinical settings are equivocal.[5](#jah33034-bib-0005){ref-type="ref"}, [6](#jah33034-bib-0006){ref-type="ref"}, [7](#jah33034-bib-0007){ref-type="ref"}, [8](#jah33034-bib-0008){ref-type="ref"}

Short‐term dietary restriction has been shown to induce robust cellular stress resistance in various species, leading to reduced organ damage susceptibility. Mitchell and coworkers showed that a reduction in daily calorie intake by 30% over short time periods prevented AKI in a murine ischemia--reperfusion injury model.[9](#jah33034-bib-0009){ref-type="ref"} The astonishingly potent effect of calorie restriction (CR) on AKI was confirmed by a more recent study from our group.[10](#jah33034-bib-0010){ref-type="ref"} Similar results have been reported in other models of renal injury (eg, cisplatinum‐induced AKI[11](#jah33034-bib-0011){ref-type="ref"}) and in other organ systems.[12](#jah33034-bib-0012){ref-type="ref"} Although a short‐term diet has been proven to be feasible and safe in patients undergoing living‐donor kidney transplantation,[13](#jah33034-bib-0013){ref-type="ref"}, [14](#jah33034-bib-0014){ref-type="ref"} no prospective trials have been undertaken to investigate the possible impact of moderate CR as an organ‐protective measure. We performed a prospective, single‐center, randomized, open‐label clinical trial to test the hypothesis that 1 week of a 40% reduction of calorie intake prevents AKI in at‐risk patients undergoing cardiac surgery.

Methods {#jah33034-sec-0010}
=======

The data, analytic methods, and study materials will not be made available permanently to other researchers for purposes of reproducing the results or replicating the procedure; however, all data, analytic methods, and study materials will be provided on request.

Study Design and Participants {#jah33034-sec-0011}
-----------------------------

This pilot trial was designed and conducted as a randomized, open‐label, single‐center study at the University Hospital Cologne. Approval was obtained from the institutional review board of the University Hospital Cologne. Adult patients (aged \>18 years) scheduled for elective cardiac surgery involving cardiopulmonary bypass who carried at least one of the following risk factors for developing AKI[15](#jah33034-bib-0015){ref-type="ref"} were enrolled after having obtained written informed consent: age \>70 years, chronic kidney disease, diabetes mellitus, congestive heart failure of New York Heart Association class 3 or 4, reduced left ventricular ejection fraction (\<50%), peripheral vascular disease, planned combined coronary artery bypass grafting and valve surgery, previous cardiac surgery, and chronic obstructive pulmonary disease. Exclusion criteria were end‐stage renal disease, kidney transplantation, pregnancy, weight loss \>1 kg within 2 weeks before enrollment unless due to diuretic medication, body mass index (calculated as kg/m^2^) of \<18.5 or \>35, evidence of malignancy or uncontrolled infection, or the inability to give informed consent. The study was conducted in accordance with the Declaration of Helsinki and the good clinical practice guidelines by the International Conference on Harmonization. The study protocol is provided in Data [S1](#jah33034-sup-0001){ref-type="supplementary-material"}.

Randomization {#jah33034-sec-0012}
-------------

At 8 to 12 days before the scheduled day of surgery, eligible patients were invited for a screening visit. Malnourishment was ruled out by careful physical examination, assessment of body weight and body composition using a bioimpedance scale (Tanita BC‐418 segmental body composition analyzer), and confirmation of normal serum albumin. After having given written informed consent, patients were randomly assigned using a 1:1 ratio to either receive a calorie‐restricted diet (CR group) or an ad libitum diet (control group). Randomization codes were generated by the Institute of Medical Statistics and Computational Biology (University of Cologne, Germany) and provided to the study center in sealed, consecutively numbered, opaque envelopes.

Procedures {#jah33034-sec-0013}
----------

Patients in the CR group were provided with a formula diet (Fresubin energy fiber drink) that contained all necessary macro‐ and micronutrients; however, the amount was limited to provide only 60% of the daily energy expenditure (DEE), as calculated using the Mifflin--St. Jeor equation and individually assessed activity factors. Participants were instructed not to consume extra food or calorie‐containing beverages like alcohol, fruit juices, or soft drinks. The diet commenced on preoperative day −7 and was maintained until day −1. On the day of surgery, patients were maintained in a fasting state until surgery. In the control group, patients were allowed to ingest food at their own discretion and were encouraged to stick to their normal eating habits, thereby ensuring nonrestricted calorie intake. All participants in both groups were provided with diaries and reported their food consumption on a daily basis. In addition, regular phone calls ascertained patients\' well‐being and monitored adherence to the designated protocol. Reassessment of all participants was performed on the day of admittance (day −1). All blood and urine samples at baseline (ie, immediately before surgery) and within the postoperative 48‐hour time frame were obtained at prespecified time points; laboratory parameters beyond day 2 after surgery as well as type of surgery, cardiopulmonary bypass time, and aortic cross‐clamp time were extracted from the medical records. Baseline demographic and clinical data including comorbidities and medication were assessed at the screening visit (between days −12 and −8). Anthropometric data (eg, body weight, body composition) were recorded at the screening visit and at hospital admittance (day −1). All participants were instructed to collect their urine over a 24‐hour period at day −2, and estimation of the daily protein intake was performed by assessing urinary urea nitrogen appearance in this 24‐hour sample and the equation proposed by Maroni et al.[16](#jah33034-bib-0016){ref-type="ref"} After surgery, hourly urine output was recorded as long as an indwelling urinary catheter was in place (at least 24 hours). All patients were followed up until their hospital discharge.

All patients received sevoflurane for anesthesia. Surgical procedures were carried out according to the local standard and were not influenced by the study protocol. Other putative measures of organ protection (eg, RIPC) were not performed throughout the study.

Outcomes {#jah33034-sec-0014}
--------

Rise in serum creatinine from baseline to 24 hours after cross‐clamping was analyzed as the primary end point. As a point estimate of the effect size, we calculated the change of serum creatinine in the CR group minus the change of serum creatinine in the control group. Secondary end points were rise of serum creatinine from baseline to 48 hours after cross‐clamping; maximum rise of serum creatinine from baseline within 48 hours after cross‐clamping; rise in urinary NGAL (neutrophil gelatinase--associated lipocalin) from baseline to 8 hours after cross‐clamping; occurrence of AKI, as defined by Kidney Disease: Improving Global Outcomes (KDIGO) criteria,[17](#jah33034-bib-0017){ref-type="ref"} within 72 hours after surgery; change of serum creatinine from baseline to discharge; need for renal replacement therapy; length of hospital stay; in‐hospital mortality; incidence of perioperative myocardial infarction, stroke, and atrial fibrillation; and evolution of the following biochemical parameters from baseline to 24 hours after cross‐clamping: C‐reactive protein, white blood cell count, creatinine kinase, troponin T, lactate dehydrogenase, NT‐proBNP (N‐terminal pro--brain natriuretic peptide), and lactate. The decision to initiate renal replacement therapy was made exclusively by the treating physician and was not influenced by study personnel. Safety‐related events were captured throughout the study. All events that were judged by the investigator as having reasonable causal relation to the provided diet were considered to be treatment‐related adverse events.

Statistical Analyses {#jah33034-sec-0015}
--------------------

Based on published data,[8](#jah33034-bib-0008){ref-type="ref"}, [18](#jah33034-bib-0018){ref-type="ref"} we estimated the mean increase of serum creatinine from baseline to 24 hours after cross‐clamping to be 0.4 mg/dL (SD 0.25 mg/dL). A difference in the change of 0.2 mg/dL in serum creatinine in this time frame between the 2 groups was considered to be clinically significant. Assuming a 2‐tailed type I error of 5% and a dropout rate of 20%, we calculated a sample size of 41 for each group to give 80% power. Primary analysis was done with the intention‐to‐treat approach, excluding patients without serum creatinine values at baseline or at 24 hours. All results are given as median (interquartile range \[IQR\]) unless stated otherwise.

Subgroup analyses were performed with regard to sex, age, body mass index, history of diabetes mellitus, ischemia time, type of surgery (valve and/or bypass), and chronic kidney disease stage. Groups were compared using the χ^2^ test with categorical data sets or the Mann--Whitney *U* test with numerical data sets. No race‐ or ethnicity‐specific analyses were performed because all included patients were white. All statistical testing was 2‐sided, and *P*\<0.05 was considered significant. Analysis software used was SAS 9.3 (SAS Institute) and IBM SPSS Statistics version 23.

Results {#jah33034-sec-0016}
=======

Patients were enrolled between April 16, 2012, and February 5, 2015. Overall, 278 potentially eligible patients were identified and contacted. Of these, 194 declined participation; 84 were enrolled; and, finally, 82 patients (41 in each group) were randomized. In total, 36 patients in the CR group and 40 patients in the control group were included in the intention‐to‐treat analysis (Figure [1](#jah33034-fig-0001){ref-type="fig"}). Patient demographics and clinical characteristics are shown in Table [1](#jah33034-tbl-0001){ref-type="table-wrap"}.

![Patient flow and randomization. CR indicates calorie reduction.](JAH3-7-e008181-g001){#jah33034-fig-0001}

###### 

Patient Demographics and Clinical Characteristics

                                                    CR Group (n=36)     Control Group (n=40)
  ------------------------------------------------- ------------------- ----------------------
  Age (y), median (IQR)                             72 (63--76)         75 (70--77)
  Male, n (%)                                       29 (80.6)           31 (77.5)
  Weight at screening (kg), median (IQR)            84.6 (72.1--91.4)   79.1 (75.1--92.7)
  BMI at screening (kg/m^2^), median (IQR)          26.9 (24.7--30.7)   26.7 (25.2--30.3)
  Creatinine at screening (mg/dL), median (IQR)     1.1 (0.9--1.3)      1.1 (1.0--1.3)
  Creatinine day −1 (mg/dL), median (IQR)           1.2 (1.0--1.6)      1.1 (0.9--1.3)
  Creatinine day 0 (mg/dL), median (IQR)            1.1 (0.9--1.4)      1.1 (0.9--1.3)
  Cleveland Clinic Foundation score, median (IQR)   2 (2--4)            3 (2--4)
  Medical history, n (%)                                                
  Chronic kidney disease                            15 (41.7)           15 (37.5)
  Peripheral arterial disease                       4 (11.1)            7 (17.5)
  Congestive heart failure                          8 (22.2)            6 (15.0)
  Previous heart surgery                            3 (8.3)             1 (2.5)
  Coronary artery disease                           30 (83.3)           25 (62.5)
  Left main stem disease                            6 (16.7)            4 (10.0)
  COPD                                              5 (13.9)            6 (15.0)
  Hypertension                                      33 (91.7)           33 (82.5)
  Diabetes mellitus                                 13 (36.1)           20 (50.0)
  Medication, n (%)                                                     
  ACEI                                              29 (80.6)           31 (77.5)
  Aldosterone antagonist                            5 (13.9)            9 (22.5)
  Beta blocker                                      33 (91.7)           31 (77.5)
  Calcium antagonist                                11 (30.6)           5 (12.5)
  Lipid‐lowering drugs                              31 (86.1)           26 (65.0)
  Antiplatelet therapy                              26 (72.2)           26 (65.0)
  Diuretics                                         18 (50)             31 (77.5)
  Cross‐clamp time (min), median (IQR)              59.0 (52--82)       58.5 (45--80)
  Bypass time (min), median (IQR)                   99.0 (78--123)      92.0 (68--122)
  Type of operation, n (%)                                              
  CABG                                              14 (38.9)           13 (32.5)
  Valve                                             9 (25.0)            14 (35.0)
  Combined or other                                 13 (36.1)           13 (32.5)

ACEI indicates angiotensin‐converting enzyme inhibitor; BMI, body mass index; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary disease; CR calorie restriction; IQR, interquartile range.

According to the patients\' diary recordings and regular personal interviews, the median daily calorie intake in the CR group was 1313 kcal (IQR: 1224--1412 kcal), which is equivalent to 60% (1.5%) of the calculated DEE. Calculation of additionally ingested calories was accurate for the CR group because patients added only minor amounts of food or countable pieces (eg, fruit, piece of cake); in contrast, precise estimation of true calorie uptake in the control group was hampered by missing or uncertain reports of consumed food quantities. However, all patients in the control group reported that they had not changed their eating habits and had not conducted a diet on their own. To further assess compliance with dietary protocols, we analyzed weight changes from the time of screening to day −1 in both groups. Median weight loss in the control group was 0.1 kg (−0.8 -- 0.8 kg), whereas patients in the CR group lost 3.0 kg (−3.9 -- (−2.2) kg; *P*\<0.0001). In the latter group, the marked weight change was largely accounted for by a high loss of total body water (−2.4 kg \[−3.8 -- (−1.9) kg\]) compared with the control group (+0.1 kg \[−1.4 − 0.9 kg\]; *P*\<0.0001). The calculated loss of dry body weight (ie, excluding changes in water balance) was −0.6 kg (−1.3 − 0.5 kg) in the CR group---which is in line with what can be expected with 1 week of a 40% CR---and +0.2 kg (−1.0 − 1.8 kg) in the control group (*P*=0.06), indicating a true dietary between‐group difference with respect to calorie intake. The estimated daily protein intake according to the equation proposed by Maroni was not different in both groups, with 0.8 g/kg (0.7 -- 1.0 g/kg) in the CR group and 0.9 g/kg (0.7 -- 1.0 g/kg) in the control group (*P*=0.67), respectively. It is likely, however, that the calculation based on urinary urea nitrogen appearance is an overestimation of the true protein intake in the CR group because of the catabolic breakdown of endogenous proteins. The protein content of the actually ingested amount of the formula diet was 0.6 g/kg (0.6 -- 0.7 g/kg). Consequently, there is evidence of a protein restriction in the CR group compared with the control group; however, this difference is likely to be considerably smaller than 40%.

No difference was noted in median serum creatinine at the screening visit, with 1.1 mg/dL (0.9--1.3 mg/dL) in the CR group and 1.1 mg/dL (1.0--1.3 mg/dL) in the control group (Table [1](#jah33034-tbl-0001){ref-type="table-wrap"}). However, there was a 0.1‐mg/dL increase in creatinine between the screening visit and day −1 to 1.2 mg/dL (1.0--1.6 mg/dL) in the CR group, and this incremental change was highly significant (*P*=0.0001) compared with the control group, in which serum creatinine was not altered (1.1 mg/dL \[0.9--1.3 mg/dL\]). Influences of the diet on anthropometric characteristics and biochemical parameters are summarized in Table [2](#jah33034-tbl-0002){ref-type="table-wrap"}.

###### 

Anthropometric Characteristics and Biochemical Parameters

                                                                                CR Group (n=36)       Control Group (n=40)   *P* Value
  ----------------------------------------------------------------------------- --------------------- ---------------------- -----------
  Δ Weight screening to day −1, kg                                              −3.0 (−3.9 to −2.2)   −0.1 (−0.8 to 0.8)     \<0.0001
  Δ Dry weight screening to day −1, kg                                          −0.6 (−1.3 to 0.5)    0.2 (−1.0 to 1.8)      0.057
  Δ Body water screening to day −1, kg                                          −2.4 (−3.8 to −1.9)   −0.1 (−1.4 to 0.9)     \<0.0001
  Δ Creatinine screening to day −1, mg/dL                                       0.0 (−0.1 to 0.1)     0.1 (0.1--0.3)         0.0001
  Calculated daily energy expenditure (DEE), kcal                               2160 (1939--2334)     2153 (1909--2343)      0.75
  Reported mean daily calorie intake during CR (kcal)                           1313 (1224--1412)     ···                    ···
  Reported mean daily calorie intake during CR (% of DEE)                       60 (60--62)           ···                    ···
  Calculated daily protein intake during CR, g/kg                               0.6 (0.56--0.66)      ···                    ···
  Daily protein intake calculated from urinary urea nitrogen appearance, g/kg   0.8 (0.7--1.0)        0.9 (0.7--1.0)         0.67

Values presented as median (interquartile range). CR indicates calorie restriction; DEE, daily energy expenditure.

With a median change of serum creatinine from baseline to 24 hours after cross‐clamping of 0.0 mg/dL (−0.1 -- (+0.2) mg/dL) for control group versus 0.0 mg/dL (−0.2 -- (+0.2) mg/dL) for CR group (*P*=0.39) and an effect size of 0.04 mg/dL (95% CI, −0.14 to 0.21), there was no difference in the primary end point (Figure [2](#jah33034-fig-0002){ref-type="fig"}).

![Intention‐to‐treat analysis. Evolution of serum creatinine from baseline to 24 hours after cross‐clamping (primary end point) and from baseline to 48 hours after cross‐clamping and maximum increase of serum creatinine within 48 hours after cross‐clamping in CR patients (white boxes, dashed line; n=36) and control patients (gray boxes, solid line; n=40). A, Box plots showing the change of serum creatinine from baseline to specified time points. B, Development of mean (±SEM) serum creatinine from baseline (0 hour) to 48 hours after cross‐clamping.](JAH3-7-e008181-g002){#jah33034-fig-0002}

In accordance with the KDIGO recommendations for diagnosing AKI, we assessed the rise in serum creatinine within the first 48 hours after cross‐clamping. Within this time frame, the serum creatinine decreased by 0.1 mg/dL (−0.2 -- (+0.1) mg/dL) in the CR group and increased by 0.1 mg/dL (0.0 -- 0.3 mg/dL) in the control group (*P*=0.03; Figure [2](#jah33034-fig-0002){ref-type="fig"}). Of note, in the CR group, the maximum increment was detected in the time period between baseline and 24 hours, whereas serum creatinine levels were stable or slightly decreasing between 24 and 48 hours. In contrast, in the control group, we found a steady increase of serum creatinine over the entire 48‐hour interval. Subgroup analyses showed that the significant beneficial effect of CR on change of creatinine from baseline to 48 hours shown for the entire group was largely attributable to participants who were male (*P*=0.0047), who had a body mass index \>25 (*P*=0.023), and who had chronic kidney disease stage 1 (*P*=0.0253; Figure [3](#jah33034-fig-0003){ref-type="fig"}), whereas age, history of diabetes mellitus, ischemia time, and type of surgery had no influence. Furthermore, there was a highly significant between‐group difference in creatinine evolution between baseline and discharge, with a decrease of 0.1 mg/dL (−0.2 -- 0.0 mg/dL) in the CR group and an increase of 0.1 mg/dL (0.0 -- 0.3 mg/dL) in the control group (*P*=0.0006).

![Subgroup analyses showing impact of sex (A, upper panel), body mass index (BMI; A, lower panel) and chronic kidney disease (CKD) stages (B). A, Male participants: calorie reduction (CR) group (white boxes), 29 of 36 participants; control group (gray boxes), 31 of 40 participants. BMI \>25: CR group, 22 of 36 participants; control group, 30 of 40 participants. B, CKD 1: CR group (white boxes), n=3; control group (gray boxes), n=5. CKD 2: CR group, n=15; control group, n=13. CKD 3: CR group, n=13; control group, n=20. CKD 4: CR group, n=2; control group, n=1. Box plots showing the change of serum creatinine from baseline to specified time points.](JAH3-7-e008181-g003){#jah33034-fig-0003}

Urinary NGAL 8 hours after cross‐clamping and all other biochemical parameters at 24 hours after surgery were not different in the 2 groups (Table [3](#jah33034-tbl-0003){ref-type="table-wrap"}). The incidence of AKI according to the KDIGO criteria was lower in the CR group (41.7%) than in the control group (47.5%); however, this difference was not statistically significant (Table [4](#jah33034-tbl-0004){ref-type="table-wrap"}). No differences were observed with respect to the rate of renal replacement therapy, death, length of stay, and incidence of perioperative myocardial infarction, stroke, or atrial fibrillation.

###### 

Secondary End Points: Biochemical Parameters

                                                               CR Group (n=36)         Control Group (n=40)   *P* Value
  ------------------------------------------------------------ ----------------------- ---------------------- -----------
  CK, day 0, U/L                                               98 (64--145)            83 (55--129)           0.28
  Δ CK, day 0 to 24 h after cross‐clamping, U/L                596 (440--779)          539 (347--839)         0.39
  LDH, day 0, U/L                                              207 (185--238)          220 (194--230)         0.46
  Δ LDH, day 0 to 24 h after cross‐clamping, ng/L              107 (65--145)           100 (37--172)          0.92
  NT‐proBNP, day 0, ng/L                                       576 (268--1782)         827 (438--1708)        0.25
  Δ NT‐proBNP, day 0 to 24 h after cross‐clamping, ng/L        924 (340--4359)         381 (−304 to 2295)     0.27
  CRP, day 0, mg/L                                             3.0 (3.0--3.2)          3.0 (3.0--4.6)         0.44
  Δ CRP, day 0 to 24 h after cross‐clamping, mg/L              104 (82--130)           97 (73--124)           0.51
  WBC, day 0, ×1E9/L                                           6.2 (4.9--6.8)          6.4 (4.9--7.4)         0.57
  Δ WBC, day 0 to 24 h after cross‐clamping, ×109/L            3.2 (1.5--5.2)          3.8 (1.9--5.5)         0.39
  Lactate, day 0, mmol/L                                       1.1 (1.0--1.6)          1.2 (1.0--1.6)         0.85
  Δ Lactate, day 0 to 24 h after cross‐clamping, mmol/L        0.4 (0.0--0.6)          0.5 (0.1--1.5)         0.27
  NSE, day 0, μmol/L                                           23.8 (20.1--28.3)       22.9 (19.8--29.5)      0.66
  Δ NSE, day 0 to 24 h after cross‐clamping, μmol/L            5.7 (−1.6 to 12.5)      10.9 (0.5--19.4)       0.26
  Troponin T, day 0, μg/L                                      0.013 (0.010--0.024)    0.019 (0.012--0.035)   0.045
  Δ Troponin T, day 0 to 24 h after cross‐clamping, μg/L       0.558 (0.201--1.065)    0.458 (0.343--0.790)   0.85
  NGAL in urine, day 0, μmol/L                                 17.8 (10.0--32.9)       13.8 (10.0--26.3)      0.41
  Δ NGAL in urine, day 0 to 8 h after cross‐clamping, μmol/L   17.4 (−3.9 to 48.4)     9.6 (−2.5 to 30.4)     0.56
  Creatinine at discharge, mg/dL                               1.0 (0.9--1.3)          1.2 (1.0--1.4)         0.24
  Δ Creatinine, day 0 to discharge, mg/dL                      −0.08 (−0.18 to 0.04)   0.07 (−0.02 to 0.26)   0.0006

Parameters measured in serum unless otherwise indicated. Day 0 indicates baseline value before surgery. Values presented as median (interquartile range). CK indicates creatine kinase; CR, calorie restriction; CRP, C‐reactive protein; LDH, lactate dehydrogenase; NGAL, neutrophil gelatinase--associated lipocalin; NSE, neuron‐specific enolase; NT‐proBNP, N‐terminal pro‐b‐type natriuretic peptide; WBC, white blood cell count.

###### 

Secondary End Points: Clinical Parameters

                                                              CR Group (n=36)     Control Group (n=40)   *P* Value
  ----------------------------------------------------------- ------------------- ---------------------- -----------
  AKI, n, (%)                                                 15 (41.7)           19 (47.5)              0.60
  KDIGO stage 1, n, (%)                                       7 (19.4)            13 (32.5)              
  KDIGO stage 2, n, (%)                                       6 (16.7)            5 (12.5)               
  KDIGO stage 3, n, (%)                                       2 (5.6)             1 (2.5)                
  RRT, n, (%)                                                 2 (5.6)             0 (0.0)                0.13
  Cumulative hours of urine output \<0.5 mL/kg/h, mean (SD)                                              
  0--24 h after cross‐clamping (h)                            2.1 (3.7)           2.3 (2.9)              0.72
  24--48 h after cross‐clamping (h)                           1.1 (2.3)           1.8 (3.3)              0.36
  48--72 h after cross‐clamping (h)                           0.2 (0.6)           0.9 (1.7)              0.04
  Length of stay (d), median (IQR)                            10 (9--11.5)        10 (8--12)             0.68
  Length of stay on ICU (h), median (IQR)                     38.5 (23.5--78.5)   39.5 (22--93)          0.63
  Catecholamine administration (h), median (IQR)              16 (9.0--32.0)      16.5 (8.5--34.5)       0.79
  Mechanical ventilation (h), median (IQR)                    14.5 (12.0--25.5)   17.5 (13.0--24.5)      0.55
  New onset of atrial fibrillation, n, (%)                    3 (8)               0 (0)                  0.06
  Nonfatal perioperative myocardial infarction, n, (%)        0 (0)               0 (0)                  NA
  Nonfatal perioperative stroke, n, (%)                       0 (0)               0 (0)                  NA
  Death, n, (%)                                               2 (5.6)             2 (5.0)                0.91

AKI indicates acute kidney injury; CR, calorie restriction; ICU, intensive care unit; IQR, interquartile range; KDIGO, Kidney Disease: Improving Global Outcomes; NA, not assessed; RRT, renal replacement therapy.

On the basis of the patients\' diary recordings, we identified those patients who had meticulously followed the assigned dietary protocol: In the CR group, ≤60% of the calculated DEE was consumed (n=13); in the control group, ≥80% of the calculated DEE was consumed (n=11). These individuals were included in the per‐protocol analysis. As in the primary analysis, no statistically significant differences were found with regard to any of the predefined outcome parameters between the 2 groups in the per‐protocol analysis; however, with n=13 in the CR arm and n=11 in the control arm, the group size was very small. As in the overall analysis, there was an increase in median serum creatinine in the CR group between the screening visit and day −1, from 0.9 mg/dL (0.7 -- 1.3 mg/dL) to 1.3 mg/dL (0.8 -- 1.5 mg/dL), but no change in the control group (screening: 1.2 mg/dL \[0.9 -- 1.4 mg/dL\]; at day −1: 1.2 mg/dL \[0.9 -- 1.5 mg/dL\]; *P*=0.013). Of note, over the first 48 hours after cross‐clamping, mean serum creatinine declined steadily in the CR group, whereas there was a steady increase in the control group (Figure [4](#jah33034-fig-0004){ref-type="fig"}).

![Per‐protocol analysis. Evolution of serum creatinine from baseline to 24 hours after cross‐clamping (primary end point) and from baseline to 48 hours after cross‐clamping and the maximum increase of serum creatinine within 48 hours after cross‐clamping in CR patients (white boxes, dashed line, n=13) and control patients (gray boxes, solid line, n=11). A, Box plots showing the change of serum creatinine from baseline to specified time points. B, Development of mean (±SEM) serum creatinine from baseline (0 hour) to 48 hours after cross‐clamping.](JAH3-7-e008181-g004){#jah33034-fig-0004}

Patients were contacted by phone every second day between days −7 and −1, and their general condition and possible safety‐related events were recorded. Throughout the diet, 45% of the patients described their general condition as good, 48% as fair, and 7% as poor. Expectedly, an increased sensation of appetite was reported in the CR group; however, only 9% of patients classified this sensation as severe, and 34% rated it as moderate; the majority (57%) had no or only minor complaints. Adverse events were assessed throughout the hospital stay. Two deaths were recorded in each group and were not deemed treatment‐related: 1 case of acute respiratory distress syndrome and 1 case of carotid artery occlusion were recorded in the control group, and 1 case of coronary bypass occlusion and 1 case of heart failure due to paravalvular leakage were recorded in the CR group. Regarding possible treatment‐related events, 3 patients in the CR group and none in the control group experienced perioperative atrial fibrillation (*P*=0.06).

Discussion {#jah33034-sec-0017}
==========

In this study, we found that 7‐day preoperative CR to 60% of the DEE in patients at risk for postsurgery AKI had no impact on the increase of serum creatinine at 24 hours after cardiac surgery but showed a significant favorable effect on creatinine kinetics at 48 hours and at later time points.

It has been known since the late 1930s that long‐term dietary restriction---defined as CR without causing signs of malnutrition---leads to extension of life span by ≈20% in rats, and this finding was repeatedly confirmed in many species, from yeast to primates.[19](#jah33034-bib-0019){ref-type="ref"}, [20](#jah33034-bib-0020){ref-type="ref"}, [21](#jah33034-bib-0021){ref-type="ref"} Although the underlying mechanisms are not yet fully elucidated, the current concepts suggest enhanced cellular stress resistance as the major driver of this phenomenon.[22](#jah33034-bib-0022){ref-type="ref"}, [23](#jah33034-bib-0023){ref-type="ref"} Possible underlying mechanisms include enhanced autophagy, mitochondrial reactive oxygen species handling, induction of AMPK (AMP‐activated protein kinase) signaling, inhibition of mTOR (mammalian target or rapamycin) signaling, altered hypoxia signaling, enhanced DNA damage repair, and modulation of the immune system.[20](#jah33034-bib-0020){ref-type="ref"} The impact of a short‐term diet on promoting stress resistance in the acute setting has been investigated in more detail only recently.[24](#jah33034-bib-0024){ref-type="ref"} With respect to the kidney, Mitchell et al published a proof‐of‐principle study in a murine renal ischemia--reperfusion injury model in which short‐term CR completely prevented death from AKI and dramatically ameliorated renal failure.[9](#jah33034-bib-0009){ref-type="ref"} Thus, as an analogy to ischemic preconditioning, dietary preconditioning using moderate short‐term CR could be exploited as an effective, easy‐to‐use, and inexpensive procedure to prevent anticipated kidney injury. Moreover, although the beneficial effect of ischemic preconditioning on cardiac recovery in a model of myocardial infarction was lost with age[25](#jah33034-bib-0025){ref-type="ref"}---a possible explanation for the disappointing findings of 2 recent clinical trials investigating the impact of RIPC on cardiac outcomes in patients with an average age of 70 years---dietary preconditioning apparently is independent of age, at least in animal models. Of note, ischemic preconditioning--induced organ protection can be restored even in old animals if they are pretreated with CR.[26](#jah33034-bib-0026){ref-type="ref"} Despite the simplicity and clinical feasibility of a short‐term dietary preconditioning protocol, there is a complete lack of clinical studies investigating the value of dietary preconditioning for organ protection. In a recent trial that analyzed the effect of a calorie‐restricted enteral feeding protocol in critically ill patients on mortality, the only significant difference compared with standard enteral feeding was a lower incidence rate of renal replacement therapy, indicating that dietary restriction might be beneficial if used not only before but also after the onset of injury.[27](#jah33034-bib-0027){ref-type="ref"} We thus set out to conduct this single‐center, randomized, controlled, open‐label, clinical, pilot study in AKI‐prone patients scheduled for cardiac surgery.

Although the results regarding the primary outcome did not meet the expectations in the intention‐to‐treat analysis, there was a significant between‐group difference when looking at serum creatinine change at 48 hours, the time frame used in the KDIGO AKI classification, and at discharge. Of note, analysis of the timely evolution of kidney function revealed that serum creatinine levels in the CR group were restored quickly after day 1, whereas there was a steady increase in creatinine over the first 2 days in the control group. Moreover, with 41.7% versus 47.5%, respectively, the AKI incidence was considerably lower in the CR group than in the control group. Subgroup analyses suggest that the protective effect might be most prominent in men and in obese patients, a finding that is in line with observations made in animal experiments[28](#jah33034-bib-0028){ref-type="ref"} and in the clinical setting.[29](#jah33034-bib-0029){ref-type="ref"}, [30](#jah33034-bib-0030){ref-type="ref"} Of note, serum creatinine decreased steadily until the day of discharge in the CR group but increased in the control group with a net difference of 0.15 mg/dL. These findings indicate that a prophylactic short‐term diet might indeed have a beneficial effect on renal recovery and restoration of kidney function in patients undergoing cardiac surgery.

Given the dramatic impact of short‐term dietary restriction in animal studies, the question arises of why such small effects were observed in this trial. Several protocol‐derived factors may have mitigated the protective effect of CR. First, it is unknown how long a diet must be applied and how much caloric content has to be restricted to elicit a protective effect in humans. To this end, the 7‐day diet used in this pilot trial might well have been inappropriate. Moreover, we calculated DEE by using the widely accepted Mifflin--St. Jeor equation. Whether this equation (or any alternative published equation) is applicable to often very sick patients awaiting cardiac surgery is at least questionable; probably the yielded numbers overestimate the true energy demand or at least do not mirror the actually ingested amount of calories in this population. Consequently, the true calorie intake in the control group was probably lower than expected from the estimation, and the difference between the 2 groups may have been lower than anticipated. Potential unintended CR in the control group is a key confounder in CR studies, as was shown by the divergent results of the primate trials on this subject.[19](#jah33034-bib-0019){ref-type="ref"} In turn, although there was an excess net loss of dry body mass of 0.8 kg in the CR group over the control group, indicating a true dietary effect, the target of 40% CR compared with the control group was probably not achieved. Second, with respect to the composition of the diet itself, more recent work suggested that the reduction of protein intake, rather than the limitation of energy supply, leads to increased cellular stress resistance, which in turn promotes an organ‐protective effect.[31](#jah33034-bib-0031){ref-type="ref"}, [32](#jah33034-bib-0032){ref-type="ref"} In our trial, however, the daily protein intake was not markedly different in both groups. Third, although we enrolled only patients with at least 1 risk factor for developing postsurgery AKI, calculation using the Cleveland Clinic Foundation score[33](#jah33034-bib-0033){ref-type="ref"} revealed that our patients carried only a low to intermediate risk (3 points \[2--4 points\] in the control and 2 points \[2--4 points\] in the CR group \[*P*=0.9\]). In 2 adequately powered studies investigating the organ‐protective impact of RIPC in patients who were not preselected for an additional AKI risk---the ERICCA trial (Effect of Remote Ischemic Preconditioning on Clinical Outcomes in Patients Undergoing Coronary Artery Bypass Graft Surgery)[5](#jah33034-bib-0005){ref-type="ref"} and the RIPHeart trial (Remote Ischemic Preconditioning for Heart Surgery)[6](#jah33034-bib-0006){ref-type="ref"}---no benefit was observed for any of the clinical end points, including AKI incidence. In contrast, in another study focusing on AKI after cardiac surgery as the primary end point in patients with a Cleveland Clinic Foundation score \>6, Zarbock et al reported a highly significant protective effect of RIPC.[7](#jah33034-bib-0007){ref-type="ref"} Similarly, we might speculate that preconditioning protocols in general are most likely to be effective in high‐risk patients.

Despite identical levels at the time of screening in both groups (1.1 mg/dL), mean serum creatinine increased by 0.2 mg/dL (0.2 mg/dL) after 1 week of CR but did not change (0.0 mg/dL \[0.2 mg/dL\]) in the control group (*P*=0.0001). Why this occurred is not clear. The statistically significant (*P*\<0.0001) median loss of 2.4 kg of body water in the CR group (versus a 0.1‐kg gain in the control group)---most likely related to a lower sodium intake compared with the normal Western diet---may have led to a clinically relevant volume deficit that ultimately rendered the kidney even more susceptible to further damage. Consequently, the observed favorable effect of CR on creatinine kinetics would represent an underestimation of the true beneficial potential of CR.

We also analyzed biomarkers of functional and/or structural integrity of organs other than the kidney (ie, troponin T, creatinine kinase, NT‐proBNP, and neuron‐specific enolase), as well as general markers of inflammation (C‐reactive protein, white blood cell count), systemic ischemia (lactate), and cellular integrity (lactate dehydrogenase) at 24 hours after cross‐clamping. CR had no impact on any of these biomarkers, suggesting that moderately reduced energy supply before surgery is safe and does not interfere with short‐term systemic recovery.

Finally, our study has several methodological limitations. The observed creatinine rise within the first 24 hours after surgery was 0.1 mg/dL and thus well below what we expected; therefore, the calculated group size in this pilot trial has to be considered too small to come to a clear estimate of the protective potential of CR. Furthermore, because a reduction in calorie intake was readily noticed by study participants, randomization in a blinded fashion was not possible. Moreover, accurate supervision of calorie intake, especially in the control group, was hampered by the ambulatory design of the trial.

In conclusion, the findings of this trial do not reflect the remarkable effects of CR seen in animal experiments; however, the intervention itself is safe and feasible, and the analysis of secondary end points revealed small but promising beneficial signals. Given the mounting experimental evidence that dietary interventions are powerful tools for promoting enhanced cellular stress resistance with far‐ranging impact for disease prevention and treatment, further clinical investigations are warranted.
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